ABSTRACT: Electrochemical doping was used to dope lithium into perovskite CsPbBr 3 crystal. Due to the doping, diamagnetic behavior was observed with a transition temperature (T c ) of 7.17 K. Burstein− Moss effect related photoluminescence (PL) blue-shift was observed as long as 15 nm. UV−vis-NIR spectra indicate that the absorption has been enhanced. The doped CsPbBr 3 crystal generated 8 nA photocurrent, which is higher than the undoped CsPbBr 3 crystal.
W ith over 20% energy conversion efficiency achieved in a short time, halide perovskite materials MPbX 3 (M = CH 3 NH 3 + , Cs + , FA + , or mixture; X = I − , Br − , Cl − , SCN − , or mixture) become the most promising material for the next generation of solar cells. 1−10 The focused researches are halide perovskite materials containing iodine (MPbI 3 ) due to their light absorption is up to 800 nm, 2 which corresponding to high light utilization and high photocurrent. Although the photostability of bromide compounds are better than iodine compounds, the light absorption for bromide perovskite materials (MPbBr 3 ) is only up to 550 nm, 11, 12 which extremely limited the light utilization for solar cells.
Dopants, introduced impurities in material, can strongly modify electronic, optical, and other properties of materials. 13, 14 So far, the reported dopants for halide perovskite materials (MPbX 3 ) include: doped Bi can be used to tune the band gap (band gap narrowing, BGN) and enhance the electrical conductivity of MAPbBr 3 by 10 4 fold; 15 Al n-doping can improve crystal quality and microstrain of halide perovskite, which in turn improve the efficiency of solar cells; 16 n-type doping by Sb elevates the quasi-Fermi energy level of the halide perovskite and promotes electron transport in the working solar cell. 17 All of the reported halide perovskite doping literatures are in situ synthesis method. As one of the doping methods, electrochemical doping is a simple and easy way to manage the properties of target materials. 18 Earlier, we reported that lithium doped halide perovskite CsPbBr 3 crystal enhanced the light emitting in LEDs with low turn-on voltage. 18 The lithium doping or intercalation related halide perovskite attracted more and more attention. 19, 20 We further found the diamagnetic behavior, PL blue-shift, and enhanced photocurrent behavior in the lithium doped CsPbBr 3 crystals. The lithium ex situ doping levels of perovskite CsPbBr 3 crystals can be controlled electrochemically by adjusting the doping voltage or time without destroying the crystal structure, which in turn causes Pb 2+ reduction related diamagnetism and doping level related Burstein−Moss PL blue-shift. Meanwhile, the optical-electric properties of CsPbBr 3 perovskite crystals were changed to absorb more light. Correspondingly, the doped black CsPbBr 3 crystals generated higher V oc and higher photocurrent as a photovoltaic material compared with the orange color undoped crystals.
Because of the lithium doping, the color changes of crystals can be clearly seen from the optical images in Figure 1a Usually, the bottom of the crystal will be doped at the beginning due to better contact with electrode and lower resistance. SEM images in Figure 1b ,e compared the surface morphology changes of the same crystal after lithium doping. Figure 1c ,f are the zoomed in SEM images of the same crystal that show the difference of surface morphology in detail.
The doped CsPbBr 3 perovskite crystals are stable in the inert environment for months. The black CsPbBr 3 crystals turned into white after exposure to air which related to the humidity of the air. Optical images in Figure S1d −S1f in Supporting Information shows the color of crystals changing from black into white after exposure to moisture. The undoped part of the crystal remains unchanged, shown as the orange color on the crystal in Supporting Information, Figure S1f .
X-ray powder diffraction (XRD) indicates there is no structure damage for halide perovskite CsPbBr 3 during the doping. Figure 2a shows the CsPbBr 3 diffraction patterns at different applied voltages. The bottom pattern is the original CsPbBr 3 material. As the applied voltage increases, no major change of XRD pattern can be observed, indicating no major change of perovskite crystal structures after lithium was electrochemically doped into the CsPbBr 3 crystal. These characteristic peaks disappear only when the applied voltage is extremely high as shown in Supporting Information, Figure  S2 .
To investigate the color change of lithium doped crystal, the UV−vis-NIR spectra measurement (transmission) results are shown in Figure 2b . To get accurate UV−vis-NIR spectra on the same spot, CsPbBr 3 precursor was mixed with solution of PEO (polyethylene oxide) in DMSO in which the colored state could last for a longer time even when voltage was removed. The original CsPbBr 3 has absorption edge at 540 nm, with over 40% transmittance between 400 and 1200 nm (maximum of 60% at 700 nm). The maximum transmittance decreases to 38% at an applied voltage of 5 V and keeps decreasing to less than 20% when the voltage increases to 8 V. Apparently, the doping enhances the light absorption. It can be attributed to low-energy photon and/or thermal excitation of trapped electrons in localized states of the defects. Excess doping and impurity caused band gap narrowing (BGN). 21 Illustration of BGN was listed as Figure S4b in Supporting Information. Similar results of light absorption enhancement and band gap narrowing have also been observed in N-doped TiO 2 22 and Ru-doped TiO 2 .
21
X-ray photoelectron spectroscopy (XPS), cyclic voltammetry (CV), and magnetization measurement were carried out to investigate the doped CsPbBr 3 perovskite. We futhure analyzed the results of XPS for Pb as shown in Figure 3 . In Figure 3a , the main pair of peaks due to the Pb 4f 7/2 and Pb 4f 5/2 is found at around 138.5 and 143.4 eV, respectively, which corresponds to the 2 + oxidation state of Pb. 23 In Figure 3b , an additional pair of peaks is found at 141.4 and 136.5 eV in the lithium doped sample at an applied voltage of 5 V, which are attributed to zero oxidation state of Pb 0 . Most likely, the reduction of Pb 2+ can be attributed to the negative bias voltage. As the applied voltage increased to 8 V as shown in Figure 3c , the ratio between peak 143.4 eV (Pb 2+ ) and 141.3 eV (Pb 0 ) decreased from 13.9 to 4.0, indicating that more Pb 2+ has been reduced at higher applied voltage. The detailed data is listed in the Supporting Information as Table S1 . CV is shown in Supporting Information Figure S3 . In the eight CV cycles, a cathodic peak from Pb 0 /Pb 2+ was observed at 0.44 V when scan CsPbBr 3 material vs saturated calomel electrode (SCE). No major current and peak changes can be observed.
In Figure 3d , the magnetization measurement result of lithium doped CsPbBr 3 was presented. The doped CsPbBr 3 sample was collected from FTO glass and cooled down in zero applied field. A desired value a magnetic field was applied and the magnetization was measured as a function of temperature upon warming. Lithium doped CsPbBr 3 shows a transition temperature (T c ) at about 7.17 K, which is the same as Pb metal. 24 No T c was detected when doping voltage is 0 V (red line in Figure 3d ). This result shows that CsPbBr 3 can be turned into diamagnetic material by lithium doping, which also further proves the reduction of Pb 2+ to Pb 0 . Photoluminescence (PL) measurement was carried out to invistigate the doping of CsPbBr 3 . In Figure 4a , the inset is the optical image of the tested doped crystal. Because of the doping, CsPbBr 3 perovskite material shows the Burstein−Moss effect induced PL blue-shift as long as 15 nm (or 0.067 eV) under laser light excitation from 535 nm for the undoped CsPbBr 3 crystal to 520 nm for the deeply doped crystal. As the doping level increased, electrons populate states within the conduction band (CB) due to Burstein−Moss (BM) effect, which elevates the Fermi level higher to the CB. According to the electrhochemistry result, 18 about three lithium ions can be doped in the CsPbBr 3 crystal, which indicates a deep doping. The result is similar to dopant Sb elevating the Fermi energy level of the halide perovskite. 17 Because Pauli's exclusion principle forbids excitation into occupied states, electrons from the top of the valence band can only be excited into the conduction band above the Fermi level. 25 Band tailoring might occur due to doping, which enhance the absorption. B−M band filling caused the PL blue-shift. The Illustration is shown in Supporting Information, Figure S4b . More PL of other undoped CsPbBr 3 crystal and different lithium doped crystals can be found in Supporting Information, Figure S4c . Similar result of Bi heavily doped halide perovskite CsPbBr 3 was reported with 5 nm Burstein−Moss blue-shift. 26 The difference is that Bi doping is in situ and substitutional, while smaller lithium doping is interstitial and doping level can be higher followed by the reduction of Pb. Most likely, the doped Li remains the valence +1 to keep the charge balance, which could be the reason for the unique properties.
It has been reported that external stimulations can cause the properties changes of halide perovskite materials. For example, external light illumination can cause redistribution and selfpoling of the halide perovskite material. 27, 28 To confirm that the PL blue-shift is doping related other than caused by electric field, PL of undoped CsPbBr 3 crystal under different voltages of applied electric field was measured. In Figure 4b , the PL of the CsPbBr 3 crystal under different applied voltages without lithium doping shows a new shoulder peak at 540 nm. The major peak at around 535 nm is from the CsPbBr 3 crystal. As 1 V of bias voltage was applied, a shoulder PL peak showed up. The intensity of this shoulder peak increases as the applied voltage increases and reaches almost the same intensity of the peak at 535 nm at 15 V. When the applied voltage reaches 20 V, the intensity drops, which is most likely due to the breakdown of the electric field induced p−i−n structure in the halide perovskite material. 11 It has been reported that PL changes for p type and n type doped material even in the same sample at different p or n regions. 25 Most likely, the new PL peak is caused by the applied external electric field, which is similar to the reversible and light-induced transformations. 29 These results indicate that the PL blue-shift of the doped CsPbBr 3 crystal is related to doping other than the external electric field.
It is known that halide perovskite materials are sensitive to light, which can be used as solar cells and light sensors. 30 The time dependent photocurrent of the undoped and doped CsPbBr 3 crystal under white light was investigated. As shown in Figure 5 , photocurrent is almost 4 times higher for doped (darkened) CsPbBr 3 crystal than the undoped orange crystal, which is similar to the stronger light response for N-doped red TiO 2 than the undoped white TiO 2 . 22 For the undoped CsPbBr 3 crystal in Figure 5a , it costs less than 0.5 s for the photocurrent to reach the maximum (light on) and decay to zero (light off). While in the case of doped CsPbBr 3 crystal in Figure 5b , it costs more than 25 s to reach 95% of the maximum and over 100 s to decay. Higher baseline in Figure  5b is due to the imcomplete discharge before the light turned on. It has been reported that lithium dopants cause deep electron traps in semiconductor, such as ZnO, which in turn affects the carrier diffusion length and lifetime. 31 It is also known that defects affect the photoresponse speed of semiconductor. 32 In this case, the doped lithium played the same role as defect centers and traps. The lithium ion battery research indicates that more than one lithium ions can be inserted into the unit cell of halide perovskite CH 3 NH 3 PbBr 3 . 20 In this case, the lithium should remain in a valence of +1 to keep charge balance due to reduction of Pb 2+ , which becomes trap states in CsPbBr 3 as shown in Supporting Information, Figure S4a , and Figure 4b . There are options for the exitons: through indirect trapping states hop (low energy excitions, red line in Figure S4b ) or direct conduction band jump (high energy excitions). As a result, photocurrent rising transient was delayed in Figure 5b . Once the light was turned off, the combination started immediately in the undoped CsPbBr 3 crystal, which is the reason for fast decay in Figure 5a . In the case of doped crystal when light is off, the combination is delayed by doping centers, which probably results in a stable photocurrent. Again, this result is similar to the long-time photocurrent stability of N-doped TiO 2 . 22 More time dependent photocurrent of various undoped and doped CsPbBr 3 crystals can be found in Supporting Information, Figure S5 . We also noticed that other halide perovskite materials in a large area has similar photon response behavior. Supporting Information, Figure S6 , shows the current vs time photon response of halide perovskite (CH 3 NH 3 ) 2 Pb(SCN) 2 I, and other investigations of this material was carried out in a different project.
Halide perovskite solar cells can work without hole transport material (HTM). 33, 34 Current−voltage (I−V) curves measured directly on crystals are compared in Figure 5c ,d. The undoped CsPbBr 3 crystal gave very low photocurrent and 68 mV V oc for the tested sample. It is worth noting that the test was carried out on μm size crystals instead of a large area of material. With the same testing condition, the doped CsPbBr 3 crystal has much higher photocurrent and V oc , which are 3.93 nA and 280 mV, respectively. This result is accordance with the increase of V oc for in situ Sb doped CH 3 NH 3 PbI 3 perovskite due to the doping related elevation of the quasi-Fermi level. 17 The difference is that the in situ doped Sb decreases the utilization of light (color changed from black to orange, photocurrent deceased correspondingly), while the ex situ doping of lithium increases the utilization of light (color changed from orange to black, photocurrent increased correspondingly). The doped CsPbBr 3 crystal has a deeper color, which obviously can utilize more light than the undoped orange color CsPbBr 3 crystal. More I−V curves for various lithium doped crystals can be found in Supporting Information, Figure S7 . The photovoltaic behaviors for different crystals are more likely dependent on the doping levels, in other words, the light absorption level of the doped crystals. The doped CsPbBr 3 (darkened) crystals apparently can increase the utility of light, which in turn improve the photovoltaic performance.
In summary, we further explore the properties for the lithium doped CsPbBr 3 perovskite. We found diamagnetism for the doped CsPbBr 3 perovskite with a T c of 7.17 K. The 
